Abstract Atrial fibrillation (AF) is characterized by multiple rapid and irregular atrial depolarization, leading to rapid ventricular responses exceeding 100 beats per minute (bpm). We hypothesized that rapid and irregular pacing reduced intravascular shear stress (ISS) with implication to modulating endothelial responses. To simulate AF, we paced the left atrial appendage of New Zealand White rabbits (n = 4) at rapid and irregular intervals. Surface electrical cardiograms were recorded for atrial and ventricular rhythm, and intravascular convective heat transfer was measured by microthermal sensors, from which ISS was inferred. Rapid and irregular pacing decreased arterial systolic and diastolic pressures (baseline, 99/75 mmHg; rapid regular pacing, 92/73; rapid irregular pacing, 90/68; p < 0.001, n = 4), temporal gradients (∂τ/∂t from 1, 275
± 80 to 1, 056 ± 180 dyne/cm 2 s), and reduced ISS (from baseline at 32.0 ± 2.4 to 22.7 ± 3.5 dyne/cm 2 ). Computational fluid dynamics code demonstrated that experimentally inferred ISS provided a close approximation to the computed wall shear stress at a given catheter to vessel diameter ratio, shear stress range, and catheter position. In an in vitro flow system in which time-averaged shear stress was maintained at τ avg = 23 ± 4 dyn cm −2 s −1 , we further demonstrated that rapid pulse rates at 150 bpm down-regulated endothelial nitric oxide, promoted superoxide (O 2 .-) production, and increased monocyte binding to endothelial cells. These findings suggest that rapid pacing reduces ISS and ∂τ/∂t, and rapid pulse rates modulate endothelial responses.
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Introduction
Cardiac arrhythmia is a leading cause of syncope and sudden cardiac death in the United State (Wann et al. 2011; Zipes et al. 2006; Skalidis et al. 2008; Deedwania and Lardizabal 2010; Nattel 2002) . Atrial fibrillation (AF) is the most common type of cardiac arrhythmia, affecting up to 5 million people in the United states and 5 % of the population over 65 years old (Go et al. 2001; Nattel 2011; Fuster et al. 2006) . While the effects of AF-mediated atrial remodeling have been widely characterized (Fuster et al. 2006; Guazzi and Arena 2009) , the hemodynamic effects of AF on endothelial function has remained poorly understood. Mounting evidence suggests that AF is implicated in increased serum oxidative stress markers and impaired acetylcholine-mediated vasodilation (Ehrlich et al. 2011; Matsue et al. 2011; Goette et al. 2012; Raviele and Ronco 2010) . AF promotes rapid and irregular atrial contraction rates exceeding 400-600 times per minute (bpm) (Nattel 2002), resulting i n rapid and irregular ventricular contraction rates above 100 bpm (Haissaguerre et al. 1998) , and leading to a decrease in both atrial pressure and cardiac output (Kern et al. 2009; Clark et al. 1997) . While a plethora of literature supports the mechanisms linking wall shear stress with the regulation of endothelial function (Li et al. 2005; Papafaklis et al. 2010) , there is a paucity of data to support AF-mediated changes in hemodynamics on endothelial responses.
In this context, we sought to determine whether AF-mediated changes in temporal gradients (∂τ/∂t) and intravascular shear stress (ISS) modulated endothelial responses. Microelectromechanical systems (MEMS) thermal sensors have allowed for measurement of convective heat transfer in the aorta of New Zealand White (NZW) rabbits, from which intravascular shear stress (ISS) was inferred as an approximation to wall shear stress (Hwang et al. 2003; Yu et al. 2008; Ai et al. 2009a,b; Ai et al. 2010; Yu et al. 2011) . Surface electrical cardiogram (ECG) recordings were synchronized with ISS in the thoracic aorta in response to rapid and irregular atrial pacing. In an in vitro flow system in which the time-averaged shear stress was maintained at a constant value, we further assessed the effects of rapid pulse rates on the production of endothelial nitric oxide (NO), reactive oxygen species (ROS), and on monocyte binding to human aortic endothelial cells (HAEC). Our findings suggest that rapid atrial pacing reduces ISS and ∂τ/∂t, and rapid pulse rate is implicated in modulating endothelial function.
Materials and methods

Catheter-based flexible MEMS sensor to measure intravascular convective heat transfer
The sensor was fabricated using surface micromachining with biocompatible materials including Parylene C, Ti, and Pt as previously described (Yu et al. 2008 ) (Supplementary Figure 1) . Based on the heat transfer principle, the output voltage of the MEMS sensors under the constant current circuits was sensitive to the fluctuations of ambient temperature. The temperature overheat ratio (α T ) is expressed as temperature variations of the sensor over the ambient temperature (T 0 ):
where T denotes the temperature of the sensor. The relation between resistance and temperature overheat ratios is expressed as: Figure 2b ). Calibration was performed in a platinum-cured silicone tube for individual sensors to establish a relationship between heat exchange (from the heated sensing element to the blood flow) and shear stress over a range of steady flow rates (Qn). The theoretical shear stress value corresponding to each flow rate was calculated as:
where τ w is the wall shear stress, μ is the blood viscosity, and r is the radius of the circular tube. The viscosity of the blood as a function of flow rate was measured using a viscometer (Brookfield Engineering, Newhall, CA). The calibrated sensors were then deployed into the NZW rabbit's aorta for convective heat transfer on the MEMS thermal sensors, from which intravascular shear stress (ISS) was inferred as previously described (Hsiai et al. 2004; Ai et al. 2010) :
